Background: Pulmonary hypertension is associated with worse perinatal outcomes in infants with respiratory disorders. In such infants right ventricular dysfunction may result in poor pulmonary blood flow. Objective: To evaluate the practicability and repeatability of echocardiographic measurements of right ventricular volume in healthy term and preterm neonates, and to follow changes in right ventricular volume over the first 2 days of life. Methods: Serial echocardiographic examinations were performed on day 0, 1, and 2 on healthy term and preterm neonates. Two methods of estimating right ventricular volume were assessed: the ellipsoid approximation and Simpson's stacked discs methods. Systolic and diastolic volumes on days 1 and 2 were compared with baseline values on day 0. Term and preterm volumes were compared at the same time points. Results: Thirty five infants were recruited, 18 term and 17 preterm. Right ventricular volumes were significantly lower on day 1 and day 2 than baseline in both term and preterm infants. Median (interquartile range) end systolic and diastolic volumes for term infants on days 0, 1, and 2 were 1.04 (0.88-1.44), 0.82 (0.70-1.03), 0.92 (0.72-0.97) ml/kg and 2.21 (2.10-2.75), 2.05 (1.81-2.38), 1.91 (1.81-2.13) ml/kg respectively. In preterm infants the values were 1.09 (0.91-1.16), 0.72 (0.54-0.91), 0.61 (0.54-0.76) ml/kg and 2.09 (1.71-2.25), 1.47 (1.23-1.98), 1.43 (1.22-1.78) ml/kg respectively. Conclusion: Right ventricular volume decreases over the first 2 days of life in healthy term and preterm infants.
Background: Pulmonary hypertension is associated with worse perinatal outcomes in infants with respiratory disorders. In such infants right ventricular dysfunction may result in poor pulmonary blood flow. Objective: To evaluate the practicability and repeatability of echocardiographic measurements of right ventricular volume in healthy term and preterm neonates, and to follow changes in right ventricular volume over the first 2 days of life. Methods: Serial echocardiographic examinations were performed on day 0, 1, and 2 on healthy term and preterm neonates. Two methods of estimating right ventricular volume were assessed: the ellipsoid approximation and Simpson's stacked discs methods. Systolic and diastolic volumes on days 1 and 2 were compared with baseline values on day 0. Term and preterm volumes were compared at the same time points. Results: Thirty five infants were recruited, 18 term and 17 preterm. Right ventricular volumes were significantly lower on day 1 and day 2 than baseline in both term and preterm infants. Median (interquartile range) end systolic and diastolic volumes for term infants on days 0, 1, and 2 were 1.04 (0.88- T he right ventricle is the dominant ventricle in utero. [1] [2] [3] It has a larger cardiac output, receives more of the venous return, and has a larger volume than the left ventricle. [1] [2] [3] [4] After birth, the left ventricle enlarges, 5 and left ventricular output exceeds right ventricular output 6 7 until closure of the ductus arteriosus. 7 Corresponding changes in right ventricular dimensions and function during the transitional circulation remain uncertain.
Pulmonary hypertension is associated with increased morbidity and mortality in cardiorespiratory disorders such as persistent pulmonary hypertension of the newborn and respiratory distress syndrome. 8 Right ventricular pathophysiology is potentially important in these conditions. The ability of the right ventricle to maintain adequate pulmonary blood flow despite increased pulmonary vascular resistance may be critical for optimal oxygenation. However, there are few published data on right ventricular volumes or function in healthy term newborn infants and none in preterm healthy infants.
Two dimensional echocardiography has been widely used to determine ventricular dimensions and function in infants and children with and without structural heart disease. 9 Measurements of right ventricular volume have been successfully validated using echocardiography with magnetic resonance imaging, which is generally accepted as the "gold standard". 10 11 Our aims in this study were twofold: firstly, to evaluate the practicability and repeatability of two different echocardiographic methods for calculating right ventricular volumes in newborn infants; secondly, to follow changes in right ventricular volume during the first 48 hours of life in healthy term and preterm infants using two dimensional echocardiography.
METHODS

Patients
Healthy term infants were recruited from the postnatal wards. Premature infants were recruited from the neonatal unit if they had no cardiorespiratory distress. Three echocardiographic examinations were performed on each infant by a single trained observer (SJC). Median (interquartile range) age in hours at each examination was 5 (4-6) , 26 (24) (25) (26) (27) (28) (29) and 49 (47-51) on days 0, 1, and 2 respectively. All infants were examined during quiet respiration or while asleep. Birth weight, gestational age, mode of delivery, Apgar scores, and cord acid base status were recorded from maternal and infant case notes. The local research ethics committee approved the study, and prospective written parental consent was obtained.
Echocardiographic imaging
The GE Ultrasound CFM 800 (GE Ultrasound, Bedford, UK) was used for all examinations. This incorporated a 5-10 MHz multifrequency imaging transducer, colour flow mapping, and pulsed wave and continuous wave Doppler. The images obtained during the examination were stored in an integrated digital archiving system (Echopac, version 5.3; GE Ultrasound). A complete two dimensional and Doppler examination was performed to exclude structural heart disease, and to assess the patency and flow characteristics through the ductus arteriosus. 12 13 The right ventricle was imaged using an apical four chamber view with the septum as vertical as possible, the tricuspid valve as horizontal as possible, and the apex in view (fig 1) . 10 A simultaneous electrocardiogram was also recorded.
Image analysis
Stored images were analysed by the same observer (SJC). The digital images were scrolled through to identify end systolic and end diastolic frames, using the electrocardiograph to help guide timing of end systole (T wave) and end diastole (start of the QRS complex). The boundaries of the right ventricle were traced using the integrated trackball over a minimum of five consecutive cardiac cycles, to allow for respiratory variation in ventricular filling (fig 1) . 14 Computer algorithms allowed calculation of the mean end systolic and end diastolic volumes. Two mathematical models were used to estimate right ventricular volumes (see equations 1 & 2):
The measured volumes were used to calculate the stroke volume (diastolic volume−systolic volume). 9 The right ventricular stroke volume was used to calculate the right ventricular output (stroke volume × heart rate) 9 and the ejection fraction (stroke volume/diastolic volume). In addition, in a subgroup of infants the right ventricular output was also estimated using Doppler ultrasound examination of the flow characteristics in the pulmonary artery 15 in order to compare values with right ventricular output derived from measurements of right ventricular volume.
Repeatability studies
In another subgroup of babies, separate repeat images of the right ventricle were obtained. These images were recorded during the same examination after an interval of about five minutes. They were analysed by the same single observer to assess intraobserver repeatability.
Statistical analysis
Right ventricular volumes were standardised for variations in birth weight and are expressed as ml/kg. Numerical data are Figure 1 An echocardiographic image of the right ventricle from the apical four chamber view, taken at end systole with the tricuspid valve closed. For the ellipsoid approximation method, the internal margin is traced using planimetry and the length of the ventricle is measured. For the Simpson's method the ventricle is sliced into 20 equal discs of known height and diameter.
presented as median (interquartile ranges). Intraobserver repeatability was assessed using the coefficient of repeatability as described by Bland and Altman. 16 The mean of the paired measurements was compared with the difference between the paired measurements, and is expressed as a percentage. The most repeatable method was chosen for subsequent analysis of right ventricular volumes. Serial measurements over time in individual infants were compared using Friedman's two way analysis of variance. 17 Comparison between the two methods of determining right ventricular output was performed by calculating the limits of agreement 16 and Spearman's rank correlation coefficient. Comparison between groups at a given time point used the Mann-Whitney U test. A p value of less than 0.05 was taken as being significant.
We estimated that a sample size of 16 infants in each group at each time point would allow the detection of a change in volume of one standard deviation from the baseline value (80% power at a 5% significance level).
RESULTS
Patients
Twenty three healthy term infants were recruited, five of whom were discharged before the final examination, leaving 18 infants who had a complete set of examinations. Seventeen healthy premature infants were recruited, all of whom completed the study. All of the 105 completed examinations produced images of sufficient quality for analysis. In none of the infants was a congenital heart defect identified. Table 1 shows details of the infants studied. Although there was no significant difference in the heart rates between examinations in each group, premature infants had a significantly faster heart rate at each examination than the term infants (table 2) . There was no correlation between gestation and volumes corrected for birth weight. All infants had a reducing arterial duct diameter over the three examinations (table 2) . Twelve infants, five of whom were preterm, had an open duct with pure left to right flow on day 1. Three infants from each group had residual left to right flow detectable on colour flow mapping on day 2, with a median diameter of 0.21 cm (range 0.06-0.27) in these six infants.
Repeatability studies
Fifteen term and preterm babies had paired examinations in which both systole and diastole were recorded and used for the repeatability analysis. The mean difference between measurements for Simpson's method was 2%, with a coefficient of repeatability of 53%. The mean difference for the ellipsoid method was also 2%, with a coefficient of repeatability of 27%. The ellipsoid approximation gave more repeatable results and was therefore the preferred method for analysis of ventricular volumes.
Right ventricular output
Right ventricular output was estimated in 17 term and preterm infants by both volume calculation and the pulmonary artery Doppler method. Median (interquartile range) values were 135 (102 to 162) and 230 (168-322) ml/kg/min respectively. There was significant correlation between the two methods (r = 0.75, p < 0.001). The mean difference (standard deviation) between the two measurements was 119 (65) ml/kg/min.
Right ventricular volumes
In both groups of infants, there were significant decreases in end diastolic and end systolic volumes by day 1 and these remained significantly lower on day 2 (fig 2) . Table 2 shows right ventricular data. There were no significant differences in right ventricular systolic and diastolic volumes between term and preterm infants on day 0. On day 1 preterm infants had a significantly smaller diastolic volume, and on day 2 both diastolic and systolic volumes were significantly smaller. Right ventricular stroke volume did not significantly alter over the study period in either term or preterm groups. However, right ventricular stroke volume was significantly smaller on day 1 and 2 in the preterm infants than the term infants. Right ventricular ejection fraction increased significantly by day 1 in the term infants. Right ventricular ejection fraction also tended to increase in the preterm group, although this was not significant. Right ventricular output did not significantly alter over the study period in either term or preterm groups. Right ventricular ejection fraction and output was not significantly different between the two groups.
DISCUSSION
In these healthy term and preterm infants, both end diastolic and end systolic right ventricular volumes decreased over the first 2 days of extrauterine life. There was no evidence of a significant change in the stroke volume or cardiac output of the right ventricle over time in each group. Stroke volume was 
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Perinatal changes
Previous studies in human and animal fetuses have shown that the right ventricle is the dominant ventricle in utero, both in terms of stroke volume and cardiac output. 1 2 At early gestations the right ventricle has thicker free muscular wall, with similar mass to the left ventricle 18 and is stiffer than the term right ventricle. 19 At term, the right ventricle remains less compliant than the left ventricle.
14 After birth left ventricular stroke volume and output increase dramatically. 1 5 This increase in left ventricular stroke volume is achieved predominantly through an increase in left ventricular end diastolic volume secondary to an increased pulmonary venous return. 20 Pressure volume characteristics of the two ventricles are related through ventricular interaction in such a way that the volume of one ventricle is inversely related to the pressure in the other ventricle, because of the restraining effects of the pericardium. 21 Therefore the likely result of an increase in left ventricular dimensions and pressure will be a reduction in right ventricular volumes. Although left ventricular volumes were not specifically measured in this study, our findings of a decrease in right ventricular end systolic and diastolic volume over the first two days of life are consistent with this hypothesis.
Changes in right ventricular volumes
In our study there was no significant change in right ventricular output or stroke volume despite a reduction in right ventricular end diastolic volume over the first 2 days of life. The right ventricular stroke volume and output may remain unchanged because there is a concomitant decrease in right ventricular end systolic volume, probably mediated by the fall in afterload following birth. 22 There were no significant differences in right ventricular volume between the preterm and term infants on day 0. Over the next two examinations, the preterm right ventricle was significantly smaller in both systole and diastole compared with the term infants. It may be that the morphology of the preterm heart, with a thinner walled left ventricle and a functionally hypertrophied thicker walled right ventricle, 18 accentuates the changes seen after delivery in the term infants. In addition, the right ventricle is less compliant than the left ventricle 14 in neonates, and this is more pronounced at earlier gestations perhaps contributing to the more rapid involution of the right ventricle seen in these premature infants.
Other studies
Our study is similar in design to that of Tamura et al, 23 but has produced conflicting results. In term infants, they showed an increase in right ventricular end diastolic volume, with no change in end systolic volume, leading to an increase in right ventricular stroke volume. However, the volumes reported were 3-4-fold smaller than those previously described. 4 Using a different mathematical model, we found right ventricular volumes much closer to estimates in near term human fetuses. 4 Furthermore, previous studies of human fetuses and newborns using M mode echocardiography have shown a decrease in the right ventricular dimensions after birth. 5 24 25 Echocardiographic assessment of right ventricular volumes Several studies have validated ultrasound assessment of cardiac volumes against invasive angiography, magnetic resonance imaging, and ventricular cast formation in both infant humans and animals. 10 11 26-28 Ultrasound does tend to produce consistently lower volume estimates than magnetic resonance imaging. 10 However, studies have shown this to be a systematic difference and therefore applicable for the assessment of trends. 10 11 We also observed a significant correlation between the two measures of right ventricular output, although in most cases the Doppler derived ventricular output was larger than that estimated from volume calculations. This reinforces the finding from validation studies that calculations of right ventricular volume systematically underestimate the true value. 10 Assessment of changes in ventricular volume is likely to be preferable to measurements of changes in a single dimension, such as transverse diameter, because of the complex geometry of the right ventricle. 24 In addition, we avoided reporting changes in the right ventricular area measured by planimetry because, unlike volume estimation, these measurements have not been validated. We compared two ultrasound methods of volume estimation to find the most practicable and repeatable. Although time consuming, both methods were relatively simple to perform and produced images of suitable quality for measurement and subsequent analysis. The coefficient of repeatability for the ellipsoid method was lower than that of the Simpson's method, making the ellipsoid method favourite for estimating right ventricular volume. A coefficient of repeatability of 27% is similar to the reported intraobserver repeatability for other research methods in cardiorespiratory physiology. 29 30 Clinical relevance Failure of normal cardiovascular adaptation, with persistently elevated pulmonary vascular resistance and pulmonary hypertension, is important in the pathophysiology of persistent pulmonary hypertension of the newborn and respiratory distress syndrome. 8 31 Right ventricular dysfunction in the face of increased afterload may compromise pulmonary blood flow. Information about changes in right ventricular volumes at birth and in the early neonatal period may give valuable insights into the pathophysiological mechanism of hypoxaemic respiratory failure in these conditions. Although a number of studies have investigated left ventricular function in newborn infants with respiratory failure, 32 33 there is little published work on right ventricular performance. Low right ventricular output (as a component of a biventricular low output state) is associated with severe respiratory distress syndrome and is almost universal in infants who subsequently die. 15 The relative importance and contribution of right ventricular dysfunction in determining low right ventricular output in such infants remains unknown.
In summary, our study provides reference values for right ventricular volumes in healthy term and preterm infants. We believe that these are essential before assessing right ventricular function in neonates with cardiorespiratory disorders. We have also shown that the right ventricular systolic and diastolic volumes decrease within the first 48 hours of birth, but that right ventricular output remains unchanged. We speculate that involution of the right ventricle may be secondary to the increase in left ventricular size, through the effects of ventricular interaction. The importance of the right ventricle is consistently underestimated. In conventional thinking about the cardiovascular system, the focus is invariably the function of the left ventricle. It is to be applauded that this study of Clark et al recognises the importance of the right ventricle and attempts to quantify measures of function in healthy term and preterm babies.
One reason for the absence of data about the function of the right ventricle is the lack of consistent landmarks that allow
